The sustainable synthesis of gold nanoparticles from gold ions was conducted with caffeic acid as a green reducing agent. The formation of gold nanoparticles was confirmed by spectroscopic and microscopic methods. Spherical nanoparticles with an average diameter of 29.99 ± 7.43 nm were observed in highresolution transmission electron microscopy and atomic force microscopy images. The newly prepared gold nanoparticles exhibited catalytic activity toward the reduction of 4-nitrophenol to 4-aminophenol in the presence of sodium borohydride. This system enables the preparation of green catalysts using plant natural products as reducing agents, which fulfills the growing need for sustainability initiatives.
Sustainable initiatives have been key issues in many research areas to protect our global environment and public health. In nanotechnology, green synthesis practices have replaced traditional chemical methods through the use of diverse green reagents for the synthesis of metallic nanoparticles (MNPs). Using traditional chemical methods, MNPs are commonly prepared by reducing metal ions via chemical reducing agents. Current sustainable initiatives promote the use of green reagents during the synthetic steps of MNPs. This green strategy is advantageous due to its biocompatibility, simple reaction process, low toxicity, cost-and time-effectiveness, and amenability in controlling particle size and shape. A variety of biological entities have emerged as green reagents, including plant extracts, phytochemicals, polysaccharides, microorganisms, proteins and peptides [1] [2] [3] .
Interestingly, phytochemicals have also served as green reducing agents [4] [5] [6] [7] [8] [9] . In a previous study, biogenic silver NPs (AgNPs) were synthesized from Ag ions using chlorogenic acid, which is abundant in green coffee beans, as a reducing agent, with the resulting AgNPs showing superior antibacterial activity against Pseudomonas aeruginosa [4] . In another study, active ingredients derived from Cape aloe, aloin A and aloesin, were used as green reducing agents in the preparation of gold nanoparticles (AuNPs) [5] . Apiin (apigenin-7-O-apioglucoside), a flavonoid glycoside abundant in plants, was used for the green synthesis of AuNPs and AgNPs [6] . Glucoxylans isolated from Mimosa pudica seeds were utilized to green-synthesize AuNPs and AgNPs with no cytotoxicity [7] . Additionally, both tea catechin and glucomannan polysaccharide were employed as green reducing agents to synthesize AuNPs that could be used as catalysts for the reduction of 4-nitrophenol (4-NP) to 4-aminophenol (4-AP) in the presence of sodium borohydride [8, 9] .
In the current study, caffeic acid (3,4-dihydroxy cinnamic acid) was used to green-synthesize AuNPs (referred to hereafter as CA-AuNPs). Caffeic acid is one of the most abundant natural phenolic compounds found in vegetables, fruits, wine, olive oil, coffee and medicinal plants. Caffeic acid and its derivatives exhibit diverse biological activities, such as anti-HIV, antioxidant, antibacterial, anti-inflammatory and anticancer activities [10] [11] [12] [13] [14] .
AuNPs are used in versatile applications, including drug delivery, imaging, sensing, and catalysis [15, 16] . The catalytic properties of AuNPs are better than those of their bulk counterparts with respect to reduction reaction because their high surface-area-to-volume ratio provides great accessibility to noxious wastes during the reaction. One pollutant, 4-NP, is a carcinogen that must be removed from water and soil in the environment. The reduction reaction of 4-NP to 4-AP has been commonly employed in many studies to evaluate the catalytic activity of AuNPs in the presence of sodium borohydride [8, 9, [17] [18] [19] [20] . In this study, we describe the synthesis of AuNPs using caffeic acid as a green reducing agent. The newly prepared CA-AuNPs were characterized by using UV-visible spectrophotometry, high- resolution transmission electron microscopy (HR-TEM), atomic force microscopy (AFM), high-resolution X-ray diffraction (HR-XRD) and inductively coupled plasma mass spectrometry (ICP-MS). Furthermore, we evaluated the catalytic activity of CA-AuNPs toward the reduction of 4-NP to 4-AP in the presence of sodium borohydride to develop a green catalyst for effectively removing hazardous environmental pollutants.
Sustainable synthesis and yield of CA-AuNPs:
To determine the optimal reaction conditions, the concentrations of caffeic acid and gold (III) chloride trihydrate were varied. One variable was changed while another variable was held constant; the most optimal condition was then selected on the basis of the UV-visible spectra (data not shown). The successful synthesis of CA-AuNPs was initially confirmed by observing a color change. The CA-AuNPs exhibited a bright-purple color, and their maximum absorbance was observed at 535 nm ( Figure 1A ). The yield (%) was calculated using the following equation: 100 -{(concentration of Au in the supernatant after ultracentrifugation) / (concentration of Au in CA-AuNPs)} × 100. The yield measured by ICP-MS was 98.4%, suggesting that the applied reaction conditions were optimal for generating CA-AuNPs. Figure 1B HR-TEM and AFM images: As shown in Figure 2 , mostly spherical CA-AuNPs were synthesized. The dispersion state was excellent, without any aggregation or agglomeration (Figure 2A) . Additionally, by increasing the magnification with which a single NP was observed, we were able to visualize lattice fringes clearly, suggesting that the CA-AuNPs were crystalline ( Figure 2C ). To measure the particles' average diameter, we randomly selected 123 discrete CA-AuNPs from HR-TEM images. The resulting particle size histogram, which indicates an average particle diameter of (A) (B) (C) (D) 29.99 ± 7.43 nm, is shown in Figure 2D . The most frequent diameter was in the range of 25~30 nm, which accounted for 25% of the total number of particle sizes measured. AFM images further confirmed the spherical shape of the CA-AuNPs (Figure 3 ).
HR-XRD analysis:

Catalytic activity toward 4-NP reduction:
The reduction reaction of 4-NP to 4-AP in the presence of sodium borohydride was selected to evaluate the catalytic activity of the CA-AuNPs ( Figure  4A ) [8, 9, [17] [18] [19] [20] . Figure 4B ). At 0 min, the solution was yellow due to the presence of 4-nitrophenolate anions (Figure 4C, inset) . Then the gradual disappearance of 4-NP over time was monitored at 400 nm, and the concurrent appearance of 4-AP was observed at 300 nm ( Figure 4C ).
The reduction reaction was completed after approximately 30 min, and the yellow color disappeared (Figure 4C, inset) . The linear relationship between ln(C t /C 0 ) and time (min) was determined where C t and C 0 are the concentrations of 4-NP at time t and time 0, respectively ( Figure 4D ). The concentration ratio C t /C 0 could be substituted for the absorbance ratio A t /A 0 (i.e., C t /C 0 = A t /A 0 ) [8] . This observation suggests that the reduction reaction of 4-NP to 4-AP follows first-order kinetics. The rate constant was calculated to be 0.86 × 10 -3 sec -1 . The rate constants of AuNPs prepared by sustainable routes were reported to be in the range of 0.21 × 10 -3 ~ 6.03 × 10 -3 sec -1 [8, 9, 19, 21, 22] .
In summary, caffeic acid, one of the most important phenolic compounds, was successfully utilized for the sustainable synthesis of AuNPs. The synthesis process is straightforward, eco-friendly and efficient. The CA-AuNPs were mostly spherical in shape according to HR-TEM and AFM images, with an average diameter of 29.99 ± 7.43 nm. HR-XRD analyses indicated a face-centered cubic Au crystal structure. The CA-AuNPs exhibited catalytic activity toward the reduction of 4-NP to 4-AP in the presence of sodium borohydride, suggesting the potential of the CA-AuNPs to serve as green catalysts. The applications of phytochemicals in medicine, nutraceuticals and functional food have many beneficial effects on human health owing to their intrinsic biological activities.
In addition to their biological activities, phytochemicals-caffeic acid in the present report-also have the capacity to reduce Au ions to AuNPs. The current strategy provides potential applications of phytochemicals in the nanotechnology area. The combination of caffeic acid and AuNPs can produce bionanocomposites with innovative applications in nanomedicine. Therefore, one of our future studies will involve an investigation of the biological activity of CA-AuNPs.
Experimental
Materials and instruments:
Gold (III) chloride trihydrate (HAuCl 4 ·3H 2 O), caffeic acid, 4-NP and sodium borohydride were purchased from Sigma-Aldrich (St. Louis, MO, USA). All other reagents were of analytical grade. Deionized water was used to prepare all of the solutions. A Shimadzu UV-1800 or UV-2600 was used to obtain UV-visible spectra (Shimadzu Corporation, Kyoto, Japan). HR-TEM images were acquired using a JEM-3010 operated at 300 kV (JEOL, Tokyo, Japan). A Dimension ® Icon ® operated in tapping mode was used to obtain AFM images (Bruker Nano, Santa Barbara, CA, USA). ICP-MS was performed with an ELAN 6100 (Perkin-Elmer SCIEX, Waltham, MA, USA). For yield analysis by ICP-MS, a solution of CA-AuNPs was subjected to ultracentrifugation at 19,721 g for 30 min at 18°C using an Eppendorf 5424R centrifuge (Eppendorf AG, Hamburg, Germany). The supernatant was pooled and subsequently submitted to ICP-MS. HR-XRD analysis was conducted on powdered samples using a high-resolution X-ray diffractometer equipped with a Cu-Kα radiation source (λ = 0.1541 nm) (Bruker D8 Discover, Bruker, Germany).
Sustainable synthesis of CA-AuNPs:
Caffeic acid (0.25 mM, 800 μL) in a glass vial was heated on a hotplate for 2 min with stirring (340 rpm). A solution of gold (III) chloride trihydrate (1 mM, 200 μL) was then added slowly to the caffeic acid solution and stirred on a hotplate for an additional 3 min. The reaction mixture was then placed in an oven (85°C) for 12 h.
Catalytic activity toward 4-NP reduction:
The evaluation of catalytic activity of CA-AuNPs was conducted at room temperature (25°C) by using a reduction reaction of 4-NP to 4-AP in the presence of sodium borohydride. A solution of 4-NP (0.4 mM, 1 mL) was mixed with deionized water (1.8 mL), and a freshly prepared sodium borohydride solution (200 mM, 200 μL) was subsequently added to this reaction mixture. Next, freshly prepared CA-AuNPs (1 mL) were added quickly, and UV-visible spectra were recorded over the range of 200-500 nm.
